With the growth in demand for energy and the boom in energy internet (EI) technologies, comes the multi-energy complementary system. In this paper, we first model the components of the micro-energy-grid for a greenhouse, and then analyzed two types of protected agriculture load: time-shifting load and non-time-shifting load. Next, multi-scenario technology is directed against the uncertainty of photovoltaic (PV). Latin Hypercube Sampling (LHS) and the backward reduction algorithm are the two main methods we use to generate the representative scenarios and their probabilities, which are the basis for PV prediction in day-ahead scheduling. Third, besides the time of day (TOD) tariff, we present a model using real-time pricing of consumers' electricity load, which is proposed to compare consumers' demand response (DR). Finally, we establish a new optimization model of micro-energy-grid for greenhouses. By calculating the dispatch of electricity, heat, energy storage and time-shifting load under different conditions, the local consumption of PV and the comprehensive operational cost of micro-energy-grid can be analyzed. The results show that a storage device, time-shifting load and real-time pricing can bring more possibilities to the micro-energy-grid. By optimizing the time schedule of time-shifting load, the cost of the greenhouse is reduced. Appl. Sci. 2019, 9, 3929 2 of 20 hub (EH). As an energy management center, EH is widely used in IES modeling. Based on the fundamental concepts and modeling methods of EH, Wang et al. [6] summarized the optimization and operation of EH planning. Gan et al.
Introduction
Energy is the basis of human survival and development, as well as the key element of industrial production and residents' life. How to reduce environmental pollution in the process of using energy while ensuring the sustainable supply of energy is the common concern of today's society [1] [2] [3] . Conventional energy systems are mutually independent and different energy sources cannot cooperate to produce a comprehensive optimal scheme [4] , thus energy efficiency is reduced. An integrated energy system (IES) combines independent energy systems together. As an important carrier of energy internet (EI), IES monitors and manages the production, transmission, storage and utilization of various energy sources at the system level. IES can realize not only multi-energy complementary, but also stepped utilization of energy. It meets the abundant demands of users for diverse energy forms, such as electricity, heating, cooling and gas, as well as improves the utilization efficiency of renewable energy.
At present, research on IES mainly focuses on a series of problems about simulation modeling and optimization scheduling. Geidl et al. [5] first conceived the basic architecture of the energy
Model

Micro-Energy-Grid Model
In the greenhouse micro-energy-grid, electricity comes from CHP by burning biogas and PV power generation devices set up on the roof of the greenhouse. Besides, it is connected with the power distribution network: when the power is insufficient, it can purchase electricity directly from the upper level. Thermal energy in the greenhouse micro-energy-grid also comes from CHP by burning methane and air source heat pumps (ASHPs). Thus, the electricity and heat in the micro-energy-grid are coupled. Batteries and phase change thermal storage (PCTS) as energy storage components can store surplus electricity and heat, and affect time-shifting. The greenhouse also has biogas digester, which uses heat pump in the digester to consume electricity and promote microbial fermentation producing biogas. The basic on-line diagram of the greenhouse micro grid is shown in Figure 1 .
are coupled. Batteries and phase change thermal storage (PCTS) as energy storage components can store surplus electricity and heat, and affect time-shifting. The greenhouse also has biogas digester, which uses heat pump in the digester to consume electricity and promote microbial fermentation producing biogas. The basic on-line diagram of the greenhouse micro grid is shown in Figure 1 . CHP, ASHPs and transformer are the main components of the agricultural greenhouse microenergy-grid. CHP includes microturbine, biogas digester and absorption heat pump (AHP). All parts work together to realize conversion and the process can be seen in Table 1 . Micro-energy-grid's energy is supplied from biogas, PV and upper level power grid. Under the condition that energy hub (EH) meets the electricity and heat demands of the greenhouse, the surplus PV power generation can be processed on the grid. 
EH Equipment Input Energy Form Output Energy Form Microturbine
Gas Gas, Heat AHP Heat Heat ASHP Electricity Heat Transformer Electricity Electricity
CHP Model
In the greenhouse, biogas not only can be used as primary energy for electricity and heat supply, but also can produce carbon dioxide by burning. Carbon dioxide can fertilize plants, which is an effective utilization of the biomass energy. CHP adopts the mode of electricity determined by heat, which means the absorption heat pump is used to meet the heat demand first. If the demand cannot be met, the ASHP is used to heat the system. CHP is composed of gas microturbine (MT), absorption heat pump and biogas digester. The organic biomass used to produce biogas is relatively easy to obtain because of the biogas digester in the greenhouse, thus we do not need to consider the consumption of methane in CHP model.
The flue gas waste heat generated by MT can provide part of the heat load through waste heat boiler and AHP. The thermal power ( ) CHP H t provided by CHP can be calculated by the following equation [21] : CHP, ASHPs and transformer are the main components of the agricultural greenhouse micro-energy-grid. CHP includes microturbine, biogas digester and absorption heat pump (AHP). All parts work together to realize conversion and the process can be seen in Table 1 . Micro-energy-grid's energy is supplied from biogas, PV and upper level power grid. Under the condition that energy hub (EH) meets the electricity and heat demands of the greenhouse, the surplus PV power generation can be processed on the grid. 
The flue gas waste heat generated by MT can provide part of the heat load through waste heat boiler and AHP. The thermal power H CHP (t) provided by CHP can be calculated by the following equation [21] :
where P CHP (t) is the current output power, η CHP (t) is the power generation efficiency, η l is the heat dissipation coefficient of MT, and η AP is the recovery efficiency of absorption heat pump.
ASHP Model
ASHP transports low quality heat from outdoors to indoors to achieve heating or cooling effects. ASHP can be expressed by [21] : H AHP (t) = η COP,AHP P AHP (t) (2) where P AHP (t) and H AHP (t) are the input electric power and output thermal power of ASHP, respectively; and η COP,AHP is the thermal energy efficiency coefficient.
Energy Storage Element Model
State of Charge (SOC) is the ratio of the current electricity content to the rated capacity of the battery, which ranges from 0 to 1. The relationship between the two moments of charging and discharging of batteries is as follows [8] :
where SOC(t) is the SOC at moment t, η sd is self-discharging coefficient to characterize the capacity of a battery maintaining electricity in a certain period of time, and η c and η d are the charging and discharging efficiency, respectively. P c (t) and P d (t) are the charging and discharging power at moment t, and positive or negative values indicate the direction of energy flow. When battery is charging, they are positive in most cases. C b is the rated capacity of the battery. Phase change heat storage is a typical heat storage method utilizing the material change of state. The state of heat (SOH) is the ratio of the residual heat in the thermal storage to the rated capacity. The mathematical model of phase change heat storage device can be expressed as [8] 
where SOH(t) is the SOH storage at moment t. η sh is the self-release rate to characterize the capacity of phase change heat storage device maintaining heat in a certain period of time. η ch and η dh represent the charging and discharging heat efficiency of phase change heat storage device, respectively. H c (t) and H d (t) are the charging and discharging power of heat storage device at moment t. Positive values indicate the phase change heat storage device is absorbing heat, vice versa. C h is the rated capacity of the device.
PV Model
PV output varies with natural conditions, which is related to solar radiation intensity and temperature. The set of equations for PV output power is simplified and approximated by the actual situation, and can be calculated by the rated solar radiation intensity [22] :
where P PV,r and S r are the rated PV output power and rated solar radiation intensity.
Electric Load Model
Load can be divided into two types: time-shifting load and non-time-shifting load based on whether it can be shifted or not. Compared with non-time-shifting load, time-shifting load can adjust power supply time according to the site arrangement at any time. The time-shifting characteristics of agricultural greenhouse facilities from state grid science and technology project are shown in Table 2 . The power of time-shifting load is a constant, and input time of time-shifting load has the same time scale of dispatching cycle. The input time is uncertain, but the total input time of a day is definite. Time-shifting load should satisfy the following equations [23] :
x(t, j)
where x(t, j) represents at moment t the time-shifting load j introducing 0-1 variable or not, P N ( j) is the rated power of time-shifting load j, and N( j) is the total work time for the jth time-shifting load in a scheduling cycle.
Heat Load Model
Agricultural greenhouse consists of PV panels, thermal insulation walls and sunshine panels. The heat load of greenhouse heating is composed by three parts: heat transfer load, osmotic heat load and ground heat load. Its heat power can be calculated as follows [24, 25] :
where K i is the heat transfer coefficient of the top film and the back wall of the greenhouse; A i is the surface area of the top film and the back wall of the greenhouse; t in and t out are the temperature inside and outside the greenhouse, respectively; k is the wind coefficient and generally is 1.0; V is the volume of air in the greenhouse agricultural greenhouse; n is the air exchange coefficient per hour; µ is the ground heat transfer coefficient; and A G is the ground area of the greenhouse.
Uncertainty Analysis of Renewable Energy
To consider the uncertainty of PV output, we first used Latin Hypercube Sampling (LHS) to generate uniform samples, and then used backward reduction to reduce the sample size in order to improve the calculation. Finally, we obtained different scenarios and corresponding probabilities to reflect various situations in the uncertainty of PV output.
LHS
Here are the basic steps of LHS:
1.
Divide probability distribution into N equal intervals.
2.
Randomly select a number x i [26] in any equal interval i−1 N , i N , with i belonging to [1, N] ,
where r is a random variable and r ∼ U[0, 1].
3.
Use inverse probability distribution, and the sample value on corresponding interval is [26] :
Backward Reduction
The procedure of backward reduction is as follows:
1.
Define the initial probability for each scenario. If the number of scenarios needs to be reduced to S, the initial probability of each scenario is [27] :
2.
Calculate the distance d ij between any two scenarios i and j. In this situation, the distance is the absolute value of two scenes' solar radiation intensity difference.
3.
Find mind ij (i j) and define probability distance as D ij , which is a product of the minimum distance and probability of scenario i:
4.
Find the smallest D ij as D in all the scenarios:
5.
Update scenario probability p j = p j + p i , and remove scenarios i from scenario set.
6.
Update scenario number. 7.
Return to step 2 until the scenario number equals S.
The Implementation
Here are the procedures of the uncertainty analysis of renewable energy.
1.
Collect monthly solar radiation and latitude information.
2.
Use HOMER to synthesize time series of solar radiation intensity for 8760 h in a year.
3.
Calculate the Beta distribution for two parameters α and β.
4.
Generate 1000 scenarios using LHS on Beta distribution.
5.
Reduce scenarios to 10 representative scenarios using backward reduction.
6.
Obtain PV output value and corresponding probability at each time and each scenario.
The PV Data
Gansu Province was taken as an example; the longitude and latitude of this area are 103 • 52 E and 34 • 26 N. All solar radiation data were from NASA's Surface Solar Energy Data Set. The average solar radiation intensity of this area is 4.505 kWh/m 2 /day. The monthly solar radiation intensity and mean clearness index in Gansu are shown in Figure 2 . If we know either solar radiation intensity or clearness index, HOMER can predict the time series of solar radiation intensity for a whole year. Figure 3 shows the result of HOMER, i.e., the time sequence of solar radiation intensity in a year. 
The Character of Renewable Energy.
Based on Sections 3.3 and 3.4, the character of PV source was calculated, as shown in Tables 3  and 4 . Table 3 . PV output power (kW) at each scenario and each time.
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The Character of Renewable Energy
Based on Sections 3.3 and 3.4, the character of PV source was calculated, as shown in Tables 3 and 4 . Table 3 . PV output power (kW) at each scenario and each time. 
DR Model Considering Real-Time Tariff
In China, TOD tariff is the main measure of Demand Side Management (DSM). It started in the 1980s, and has now spread nationwide. Generally, it is divided into the three periods peak, flat and low, which correspond to high, medium and low prices, respectively. Real-time tariff is one of the vital indices of price type DR. Compared with incentive type DR, price type DR adjusts the running time of time-shifting load, which is friendlier to consumers. This method restrains consumers' increasing demand and gives consumers economic benefits back at the same time. Thus, power supply corporations and consumers are willing to implement the policy.
Real-Time Tariff Model
The real-time tariff of moment i is [28] :
where L i is the load of moment i and P 0 is the sales price without real-time price.
Using partial load to implementing real-time tariff requires setting a Customer Baseline Load (CBL), which is delimited according to customer's historical load. If customer's load does not exceed CBL, it follows the original tariff policy. The real-time tariff is only used on the exceeding CBL parts.
The Consumer Simulation
Users will adjust their consumption behavior all the time based on their real-time tariff, which optimizes the load curve. DR combined behavior model based on real-time tariff includes two cases, namely self-elasticity and cross-elasticity, which can be expressed as follows [29] :
where P( j) is the price at moment j after implementing the real-time tariff. D 0 (i) and D 0 ( j) are the initial load at moments i and j. D(i) is the load after DR at moment i. E is the reward or punishment part for users changing their electricity consumption behavior. E d (i, j) is the price elasticity of demand coefficient (PED), which reflects the sensitivity of changes in commodity DR to price changes in the market. When i = j PED is the price self-elasticity of demand coefficient. When i j, PED is the cross-price elasticity of demand (CPED). CPED represents the sensitivity of a change in the demand for one commodity response to the price of another commodity, which can complement or replace each other. The PED and CPED values refer to the operation experience of foreign power market. It is considered that all the PED values of trough, flat and peak are −0.05, and the CPED values between trough and flat, trough and peak, flat and peak are 0.01, 0.012 and 0.016, respectively. Considering the actual electricity load in agriculture, we chose to only use PED rather than CPED because of its small numerical value.
Case Data
The load of agricultural users' electricity consumption data in Gansu Province is shown in Table 5 . Agricultural electricity time-of-use price, as shown in Table 6 , is based on Gansu Grid Corporation (http://www.gs.sgcc.com.cn/). 
Case Study
According to the load data for each period, the real-time price based on user's load can be calculated by Equation (14) . The results are shown in Table 7 . Treating the previous day load of the agricultural user as the load level of the real-time tariff, the user's load response with the fully real-time tariff and the partial real-time tariff based on CBL are shown in Table 8 and Figure 4 according to Equation (15) . It is assumed that the CBL-based partial real-time tariff will be executed at a 50% rate. L 1 represents the user's load response under the fully real-time tariff mechanism, and L 2 represents the user's load response under the partial real-time tariff mechanism based on CBL. Fully real-time tariff and CBL-based partial real-time tariff can reduce peak-trough load difference. The original peak-trough load difference is 84.5 kW, while the peak-trough load difference is 28.7 kW with real-time tariff. Based on CBL partial real-time tariff, the peak-trough load difference is 56.6 kW. The effect of load transfer under fully real-time tariff is more obvious.
Optimal Dispatching of Micro-Energy-Grid
Objective Function
We use the minimum comprehensive cost exp C of the agricultural greenhouse in micro-energygrid within 24 h as objective function. The comprehensive cost includes the purchase and sale cost Fully real-time tariff and CBL-based partial real-time tariff can reduce peak-trough load difference. The original peak-trough load difference is 84.5 kW, while the peak-trough load difference is 28.7 kW with real-time tariff. Based on CBL partial real-time tariff, the peak-trough load difference is 56.6 kW. The effect of load transfer under fully real-time tariff is more obvious.
Optimal Dispatching of Micro-Energy-Grid
Objective Function
We use the minimum comprehensive cost C exp of the agricultural greenhouse in micro-energy-grid within 24 h as objective function. The comprehensive cost includes the purchase and sale cost C ee , operation and maintenance cost C op , environmental cost C en and PV incomplete penalty cost C re . The objective function is [30, 31] : 
where p(t, s) is the probability of scenario s at moment t; C buy (t) and C sell (t) are the purchase and sale price at moment t respectively; P buy (t, s) and P sell (t, s) are the purchase and sell power from or to the grid in scenario s at moment t, and the latter should be a negative value; C op,i is the operation cost of type i equipment at moment t; P i (t) is the power of type i equipment at moment t; C op,PV is the operation cost of PV power generation equipment at moment t; and P PV (t, s) is the PV actual output power of scenario s at moment t. P CHP (t) is the generating power of the CHP set at moment t, F j is the emission of the jth pollutant gas from CHP, C en,j is the sum of the environmental value and penalty of the jth pollutant gas, P PVmax (t, s) is the maximum PV output of scenario s at moment t, and C re,PV is penalty costs for incomplete PV absorption.
Constraint Equation
Thermoelectric Power Balance Constraints
P PV (t, s) + P buy (t, s) + P sell (t, s) + P CHP (t) + P d (t) = P ntsl (t) + P tsl (t) + P AHP (t) + P c (t) (18) 
P c (t) and P d (t) are the charging and discharging power at moment t, where a positive value means the remaining energy stored in the battery from the grid or PV power generation, while a negative value represents the energy released from the battery to the electric load. P ntsl (t) and P tsl (t) are the non-time-shifting load and time-shifting load at moment t, P AHP (t) is the electric power required by ASHP at moment t, and H CHP (t) is the heat-generating power of CHP at moment t. H AHP (t) is the heating power of ASHP at moment t. H c (t) and H d (t) are the charging and discharging power at moment t, where a positive value represents the phase change heat storage device absorbs heat, while a negative value represents it releases heat. H load (t) is the heat load at moment t.
Energy Conversion Element Constraints
Energy conversion elements in agricultural greenhouse of micro-energy-grid include MT, absorption heat pump, ASHP and PV power generation equipment, which should meet the inequality constraints of Equations (20)- (24) .
where P CHPmax and H CHPmax are the maximum power of CHP generation and heat generation. P AHPmax and H AHPmax are the maximum power of ASHP consumption and heat generation. Equation (24) denotes the range of actual PV output power. P PVmax (t, s) is the maximum PV output value of scenario s at moment t.
Energy Storage Element Constraints
Energy storage elements include batteries and phase-change heat storage devices. SOC and SOH satisfy Equations (3) and (4) . Moreover, they should also satisfy:
where Equations (25) and (26) are constraints on the energy storage capacity of storage elements. SOC min and SOC max are the minimum and maximum energy storage capacity of the battery. SOH min and SOH max are the minimum and maximum heat storage capacity of the phase change heat storage device. Equations (27)-(30) are constraints on charge and discharge heat power at moment t. P cmax and P dmax are the maximum allowable charge and discharge power of the battery, and H cmax is the maximum allowable charge or discharge power of the phase change heat storage device. I se (t) and I sh (t) are two 0-1 variables, which limit batteries and phase change heat storage devices cannot charge or discharge at the same time. Moreover, in a scheduling cycle, Equations (31) and (32) should be satisfied to ensure that the energy storage components are at the same state at the beginning and the end of the scheduling cycle. The consistency in each scheduling cycle should also be ensured.
Power Exchange Constraints with Distribution Network
To ensure the stability of power system in distribution network, power exchange with distribution network should satisfy the following constraints: 0 ≤ P buy (t, s) ≤ I sg (t)P gridmax (33)
where P buy (t, s) is the purchase power of scenario s at moment t, which is a positive value; P sell (t, s) is the sale power of scenario s at moment t, which is a negative value; P gridmax and P gridmin are the maximum and minimum value of power exchange with distribution, respectively network; and I sg (t)
is a 0-1 variable and restricts the simultaneous occurrence of purchasing and selling electricity with 1 representing purchasing electricity from the grid and 0 representing selling.
Parameter Settings
Our target is the micro-energy-grid of an agriculture greenhouse in a region of Gansu Province, China. The temperature inside and outside of a typical greenhouse is shown in Figure 5 . The temperature inside the greenhouse is controlled at a constant temperature 25 • C. The data of the temperature outside the greenhouse were from National Meteorological Information Center of China. We put the data into Equation (8) , and obtained the heat load of the greenhouse at each moment in a scheduling cycle. The heat transfer coefficients of the greenhouse film, wall and ground are 1.12, 0.62 and 0.24 W/(m 2 .k), respectively; the corresponding measures of area are 720, 170 and 640 m 2 ; the air volume is 1360 m 3 ; and the ventilation frequency is 1.2 times/h. Using 150 kWp PV cells, the PV output and its probability of each scenario in a typical day are shown in Tables 3 and 4 . Electric load is the sum of time-shifting load and non-time-shifting load. We considered 13 types of electric load objects in this study. Their time-shifting characteristics and the input time of non-time-shifting load at initial state from state grid science and technology project are shown in Table 9 . Combining the above results, the PV output, thermal load, time-shifting load and non-time-shifting load in greenhouse are shown in Figure 6 . The time-of-use tariff of agricultural electricity in Gansu power grid is shown in Table 10 . The data were from Gansu Development and Reform Commission [32] . Emission coefficients of gaseous pollutants and corresponding environmental costs are shown in Table 11 . Table 11 . Emission coefficients of gaseous pollutants and corresponding environmental costs. The time-of-use tariff of agricultural electricity in Gansu power grid is shown in Table 10 . The data were from Gansu Development and Reform Commission [32] . Emission coefficients of gaseous pollutants and corresponding environmental costs are shown in Table 11 . The greenhouse includes microturbine, absorption heat pump, ASHP, storage battery, phase change heat storage device and PV power generation equipment. The upper and lower operating limits, conversion coefficients, capacity and operating costs of the equipment are shown in Table 12 . We selected five cases as examples to analyze. TOD tariff and non-time-shifting load are used in Case 1 and Case 4, TOD tariff and time-shifting load are used in Case 2 and Case 5, and real-time price and time-shifting load are used in Case 3. The difference between Case 1 and Case 4 or Case 2 and Case 5 is whether to allow using excess electricity to get profit from the grid. The specific setup for each case is shown in Table 13 . 
Results
The day-ahead optimal scheduling in this paper is a 0-1 mixed integer linear programming (MIP) problem. GAMS is an optimization software using CPLEX to solve the MIP problem. The scheduling step size is 1 h and the scheduling cycle is 24 h of a day. Figure 7 shows the result of optimal dispatch of electric power in five cases. The positive value represents the power provided by PV, CHP, grid and storage battery. The negative value represents the power consumed by time-shifting load, non-time-shifting load, ASHP power, surplus power grid and battery charging. Figure 8 shows the optimal dispatch result of thermal power in five cases. The positive value represents the provided thermal power, including waste heat recovery in CHP, heat generation by ASHP and heat release by phase change heat storage device. The negative value represents the consumption of thermal power, including heat load and heat absorption by phase change heat storage device. Combining Figure 8 and Figure 9 , it can be concluded that: 1. When daylight is sufficient, comparing Cases 3 and 4, we found that the power load is borne by PV whether or not it is permissible the sale of electricity to micro-energy-gird. In Case 3, another source of power load is CHP. However, in Case 4, the source of power load is purchasing from grid and electricity can be converted into heat. 2. The introduction of time-shifting loads can make the micro-energy-grid have the characteristics Combining Figures 8 and 9 , it can be concluded that:
1.
When daylight is sufficient, comparing Cases 3 and 4, we found that the power load is borne by PV whether or not it is permissible the sale of electricity to micro-energy-gird. In Case 3, another source of power load is CHP. However, in Case 4, the source of power load is purchasing from grid and electricity can be converted into heat.
2.
The introduction of time-shifting loads can make the micro-energy-grid have the characteristics of load transfer. Comparing Cases 1 and 2, the time-shifting loads were transferred from high electricity price at 16:00 to low electricity price at 6:00, which made the load curve optimized.
The input time schedule of time-shifting load is shown in Table 14 . Cases 2 and 3 are selected to compare the load response to TOD tariff and real-time price, as shown in Figure 9 . Case 2 uses the current TOD tariff and Case 3 calculates the dynamic real-time tariff. Combining with Figure 8 , it can be seen that both TOD and real-time tariffs can transfer load to the night trough. However, compared with real-time tariff, TOD tariff produces new load peaks at 6:00, thus the effect of real-time tariff to reduce peak-trough difference is better. . Figure 9 . The load response of TOD tariff and real-time price.
The electricity purchasing and selling status, PV absorption status and integrated operation cost in five cases are shown in Table 15 . 
Case
Purchasing from Selling to PV Absorption Synthetic Operation The electricity purchasing and selling status, PV absorption status and integrated operation cost in five cases are shown in Table 15 . Table 15 . The electricity purchasing and selling status, PV absorption status and synthetic operation cost in five cases.
Case Number
Purchasing from Grid (kWh) Selling to Grid (kWh) PV Absorption (kWh) Synthetic Operation Cost/Yuan
